Membrane proteins are particularly attractive since they can serve as anchoring sites for the insertion of tags for targeting or purification purposes. The implications of our findings for retroviral-mediated gene therapy are discussed.
ABSTRACT
The Moloney murine leukemia virus (MoMLV) belongs to the retroviridae family of enveloped viruses, which is known to acquire minute amounts of host cellular proteins both on the surface and inside the virion. Despite the extensive use of retroviral vectors in experimental and clinical applications, the repertoire of host proteins incorporated into MoMLV vector particles remains unexplored. We report here the identification of host proteins from highly purified retroviral vector preparations obtained by rate zonal ultracentrifugation. Viral proteins were fractionated by 1D-SDS-PAGE, in-gel tryptic digested and subjected to liquid chromatography/tandem mass spectrometry analysis (LC-MS/MS). Immunogold electron microscopy studies confirmed the presence of several host membrane proteins exposed at the vector surface. These studies led to the identification of 27 host proteins on MoMLV vector particles derived from 293 HEK cells, including 5 proteins previously described as part of wild type MoMLV. Nineteen host proteins identified corresponded to intracellular proteins. A total of 8 host membrane proteins were identified including cell adhesion proteins integrin β1 (fibronectin receptor subunit beta) and MFG-E8, tetraspanins CD81 and CD9 and late endosomal markers CD63 and Lamp-2.
Membrane proteins are particularly attractive since they can serve as anchoring sites for the insertion of tags for targeting or purification purposes. The implications of our findings for retroviral-mediated gene therapy are discussed. Gag also codes for the p12 protein that possesses no clear function, and therefore, is as yet unnamed. Encapsulated within the MoMLV particle are the 3 pol encoded viral enzymes essential for viral replication, namely the reverse transcriptase (RT), the integrase (IN) and the protease (PR). Retroviral particles possess a lipid membrane derived from the producer cell in which is embedded the viral Env protein composed of the surface (SU) and transmembrane (TM) subunits in wild-type MoMLV. In case of retroviral vectors, the wild-type Env protein is frequently or specifically (because they interact with any of the virus constituents). Some of these molecules have been shown to fully retain their function on the virions and contribute to their pathogenicity (31, 38, 41) .
A C C E P T E D
on
Extensive work has been performed to identify the host proteins incorporated into the retrovirus HIV-1, the etiological agent of AIDS, using a variety of techniques. The most recent studies exploit the capability of liquid chromatography/tandem mass spectrometry (LC-MS/MS) to identify multiple proteins in these highly complex mixtures (14, 57) . Using this approach, 253
host proteins were identified in HIV-1 macrophage-derived virions, including 33 proteins previously described in HIV-1 preparations produced by other cell types (14) . Studies have shown that MoMLV particles acquire actin and the actin-binding protein moesin (35, 44, 46) . Ubiquitin, another abundant cellular protein, was found in the virions not only as free ubiquitin but also as monoubiquitinated Gag proteins (42, 43) . More recently, endophilin-2, a component of the host cell's endocytic machinery involved in clathrin mediated endocytosis, was found to interact with the MA domain of the MoMLV Gag polyprotein and be packaged into MoML virus-like particles along with clathrin and α-adaptin (AP-2) (70). To the best of our knowledge, no host surface protein has been identified on MoMLV particles to date. However, co-localization of the Gag polyprotein of MoMLV and late endosomal markers (i.e. CD63, Lamp-1, CD82) in 293 HEK cells has been shown (60) . These results also suggested that 293-derived MoMLV used the late endosome/exosome sorting pathway to exit the cell, as do macrophage-derived HIV-1 (36, 49) . The identification of host cell derived proteins incorporated into retrovirus particles has proved to be difficult due to the presence of contaminating cell membrane vesicles in purified preparations.
These membrane vesicles have a density similar to that of virions and were found to co-purify with them when using standard equilibrium (isopycnic) density centrifugation techniques (9, 22) .
In a previous study we have reported the development of a rate zonal ultracentrifugation strategy that rendered highly purified retroviral vector preparations free of any significant cell membrane vesicle contamination and thus, suitable for the study of both interior and exterior virus particle proteins (58) . The high level of purity achieved by this method was demonstrated using a variety of techniques. In this study, we report the identification of host proteins on the retroviral particles purified by rate zonal ultracentrifugation using mass spectrometry analysis and immunogold electron microscopy. 

MATERIALS AND METHODS
Retrovirus vector production
The retrovirus used in this study is a MoMLV-derived retrovirus vector produced by the 293-GPG packaging cell line (39). This cell line, a generous gift from Dr. J. Galipeau (Lady Davis
Institute for Medical Research, Montreal, QC, Canada), generates a vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped retrovirus vector encoding a fusion protein between the herpes simplex virus thymidine kinase protein (TK) and the green fluorescent protein (GFP) (48) .
Suspension-adapted cell cultures were maintained in calcium-free DMEM medium supplemented with 10% foetal bovine serum (FBS; HyClone, Logan, UT) and tetracycline (1 µg/mL; Fisher Scientific, Nepean, ON, Canada). Vector stocks were produced by omitting tetracycline from the culture medium, thus inducing VSV-G expression as described before (59) . A pool of crude virus supernatants from the different days of harvest was clarified by microfiltration and concentrated 20-fold by ultra/diafiltration (59).
Retrovirus vector purification
Concentrated virus supernatant stocks were purified by rate zonal ultracentrifugation followed by size exclusion chromatography as previously described (58) . Briefly, retrovirus particles were isolated by carefully layering 3 mL of 20-fold concentrated virus stock on top of a 10-30% continuous iodixanol gradient (34 mL). Ultracentrifugation was carried out in a Beckman ultracentrifuge using a SW28 rotor and spinning at 100,000×g for 4 h at 4ºC. Three fractions were collected by puncturing the bottom of the tube: bottom fraction (12.5 mL), virus-containing fraction (10 mL) and top fraction (14.5 mL). Prior to chromatography, concentration of the viruscontaining iodixanol fraction was carried out by ultra/diafiltration in a 10 mL stirred cell unit (58) . The virus eluted in the column void volume (Vo = 23 mL). Virus-containing fractions were pooled and concentrated 10-fold using a 10 mL stirred cell unit as described above.
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Subtilisin treatment
Subtilisin treatment of a 10-fold concentrated iodixanol gradient virus fraction was carried out as previously described (45) subjected to size exclusion chromatography as described in section 2.2.
Fractionation of purified virus preparations by 1D Gel Electrophoresis
Purified virus samples were 
Negative and immunogold staining of MoMLV vectors
For negative stain electron microscopy, retroviral particles were mounted onto electron microscope grids by direct sedimentation of purified iodixanol gradient samples using a Beckman Airfuge ® ultracentrifuge and the A-100 fixed angle micro-rotor as previously described (2) . The grids were negatively stained with uranyl acetate and examined in a transmission electron France). For immunogold electron microscopy studies, retroviral particles mounted onto electron microscope grids as described, dried and rinsed with PBS. Non-specific reactive sites on the grids were blocked with 1% ovalbumin (5 min, RT). The grids were incubated with a primary antibody for 1 h at RT and washed 3 times with PBS (5-10 min). Subsequently, the grids were exposed to 1% ovalbumin (5 min, RT) and incubated with appropriate secondary antibodies for 1 h at RT.
A C C E P T E D
Secondary antibodies used were 10 nm-gold conjugated goat anti-mouse or goat anti-rabbit from BB International (Cardiff, UK). Following incubation with a secondary antibody, the grids were rinsed with PBS and water and dried at RT. Finally, the grids were negatively stained with uranyl acetate and examined in a transmission electron microscope. 
RESULTS
The retrovirus used in this study is a VSV-G pseudotyped MoMLV-derived retrovirus vector encoding a fusion protein between the herpes simplex virus thymidine kinase protein (TK) and the green fluorescent protein (GFP) as vector transgene. This vector was produced using the 293-GPG packaging cell line. To explore the composition of the retroviral vector particles, harvested supernatants containing active vector particles were subjected to a series of purification steps. A complete description of this method and thorough characterization of the purified samples obtained using this method was previously reported (58) . Electron microscopy analysis of the purified virus preparation used in the present study showed numerous roughly spherical mature type C retrovirus particles in a size range of 80-120 nm in diameter, free of protein aggregates ( Figure 1a) . The particles appeared uniform in shape, except for the presence of some broken particles. Interestingly, the round condensed viral core inside the virions is clearly visualized in the transmission electron photograph providing further evidence of lack of contamination with "empty" membrane vesicles. Therefore, these purified preparations were found to be suitable for the study of the whole MoMLV vector proteome by LC-MS/MS.
Fractionation of purified retrovirus preparations by 1D gel electrophoresis and subtilisin digestion analysis
Subtilisin is a serine protease commonly used by HIV-1 researchers to study the location of cellular proteins in retrovirus particles (40, 45, 46) . This non-specific protease is able to digest all proteins located on the surface of the virions as well as proteins found in contaminating cell membrane vesicles, whereas proteins located inside the virions are protected from digestion by the viral lipid envelope. In addition, the loss in protein content after subtilisin treatment is These peptide sequences were validated by rigorous visual inspection of their MS/MS fragmentation spectra. All showed good correlation between expected y or b fragment ions and spectrum peaks of greatest intensity and signal-to-noise ratio. In addition, these 10 host proteins were previously identified in different retroviral and/or exosome particles.
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Viral-encoded proteins in retroviral vector particles
Viral-encoded proteins found by tandem MS are shown in Table 1 . The presence of p30 CA in band J, VSV-G in band G and RT in band D at their expected molecular weight was established.
Peptides of these proteins were also found in other bands at slightly higher or lower molecular weight ( Table 1 ). The band migrating at 64 kDa (G) also contained uncleaved Gag polyprotein anti-MoMLV (58) and resistance to substilisin digestion ( Figure 1 ) they are present in the nonresolved band co-migrating with the dye front that was excluded from this study. Curiously, a band migrating at ~43 kDa (H) was found to contain thymidine kinase protein (the vector transgene) suggesting that this protein may also be encapsulated into virions.
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Host-associated proteins in retroviral vector particles
A total of 25 cellular proteins were identified in MoMLV vector particles by LC-MS/MS analyses (Table 2) including clathrin, moesin, beta-actin, endophilin-2 and ubiquitin, which where previously described as part of MoMLV virions (35, 42-44, 46, 70) . Noteworthy, twenty host proteins identified in this work had not yet been described as MoMLV constituents, 16 of the 25 cellular proteins identified were previously found in proteomic analysis of HIV-1 macrophage derived virions, and 16 of the 25 proteins identified were previously described to be associated with exosome particles (Table 2) . Importantly, all host proteins were found at their expected molecular mass with the exception of beta-tubulin for which only a fragment of the full length protein (~48 kDa) was detected at ~24 kDa (K). The presence of ubiquitin in different bands is consistent with the potential presence of ubiquitylated Gag products as previously reported (42, 43) . In addition to their full length form, fragments of heat shock protein 70 (Hsc70), polyadenylate-binding protein (PABP) and HIC2 protein were detected in faster migrating bands, probably as a result of proteolytic degradation. 
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Confirmation of host proteins on retroviral vectors' surface by immunogold labeling
Due to potential contamination with cell membrane, host proteins on the virus surface have been the most challenging to conclusively identify (40, 41) . In contrast, the identification of host proteins that reside inside the virions has been straightforward following subtilisin treatment of purified retroviral preparations. Immunogold labeling experiments were carried out to confirm the presence of the host surface proteins found by mass spectrometry on the MoMLV vector surface.
Specific antibodies against human CD29 (integrin β1), CD9P-1, LAMP-2, CD63 and MFG-E8
were employed. In all 5 immunogold labeling experiments, gold particles at the membrane of
A C C E P T E D
on January 25, 2018 by guest http://jvi.asm.org/ Downloaded from typical dense viral particle structures were observed ( Figure 2) . In most cases, a dense retroviral core with an irregular boundary was readily distinguishable. For most antibodies tested, the immunogold reaction was strong and localized at the viral surface. The average number of gold particles observed per virion was 13 for CD29 (integrin β1) (n=5), 20 for LAMP-2 (n=4), 8 for CD63 (n=3) and 13 for MFG-E8 (n=11) experiments. Immunogold labeling using anti-CD9P-1
Mab showed a weaker reaction with only 3 gold particles per virion (n=4) but well localized labeling at the viral surface. Omitting the use of a primary antibody completely abolished the detection of colloidal gold on the virus surface, indicating that no unspecific binding of secondary gold labeled antibody occurred (data not shown). Gold particles were remarkably radially distributed on the outside surface of the virions. Staining was evenly distributed in well dispersed particles but weaker or non existent in between viral particles forming aggregates most probably due to antibody inaccessibility to these areas.
Identification of tetraspanins CD9 and CD81 in retroviral vectors by immunogold labeling
SDS-PAGE analysis of subtilisin treated and non-treated virions ( Figure 1 ) showed clear digestion of two non-virally encoded bands, one at ~130 kDa (band B) and a second one at ~23 kDa (band L), suggesting the presence of membrane proteins in at least these 2 bands. As expected from subtilisin analysis, host membrane proteins (integrin β1, CD9P-1) were identified by mass spectrometry in band B and the presence of these proteins on the virus surface was confirmed by immunogold labeling (Figure 2 ). However, there was no identification of membrane proteins by mass spectrometry in the ~23 kDa band (L). This intriguing result encouraged additional studies to assess the presence of membrane proteins in this band. (Table 2 ). This represents an important step forward in the elucidation of retroviral vector composition.
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Many of the proteins identified in this work were previously found, not only in proteomic analysis of family-related viruses such as HIV-1, but also in exosome particles. These findings provide further support to a growing body of evidence suggesting that MoMLV is able to hijack the endocytic pathway to escape from multiple cell types (8, 50, 60) . Since both virions and exosomes would be generated in the endosomal compartment and exit the cell by budding into endosome-derived membranes, it is not surprising that they would share part of their composition.
We have found that 293-derived MoMLV particles incorporate at least 18 proteins that were also found in exosomes of various origins (Table 2 ).
In addition to the numerous cytoplasmic proteins found in the virions (70%), we have
on January 25, 2018 by guest http://jvi.asm.org/ Downloaded from successfully identified 8 host proteins exposed on the viral vector surface as confirmed by electron microscopy studies. Identification of these membrane proteins is particularly attractive since they could serve as interesting anchoring sites for the insertion of tags for purification, labeling or targeting purposes. Engineering vectors by inserting tags or chemically modifying the viral encoded Env-protein structure frequently affects the viruses' ability to transduce cells (29, 53, 64) . This has been partly attributed to the inability of the Env-protein to provide fusogenic functions for viral entry once its structure has been modified. To circumvent this problem, host surface proteins rather than the viral Env-protein could be tagged. To date, this approach has not been tested likely due to our poor understanding of the MoMLV membrane composition. It might be feasible to genetically modify one of the host membrane proteins found in this work to contain such tags possibly without compromising virus infectivity.
We have identified 3 cellular adhesion proteins on MoMLV vectors surface, namely integrin ß1 (CD29), CD9 and HMFG-E8. It is interesting to note that the same 3 adhesion proteins have previously been implicated as potential candidates for exosome targeting to cells (67, 68) . Our findings may have important implications in the mechanism of vector attachment to target cells.
For retroviruses, this initial step in the virus life cycle was for a long time believed to be mediated solely by the viral Env-protein. However, the presence of cellular components on the MoMLV surface responsible for promoting virus-cell attachment has been proposed (17, 53, 69) . To date, these components remain unidentified. In contrast, several host-derived cell adhesion proteins have been identified on the well-characterized HIV-1 (CD44, LFA-1, 2, 3 and ICAM-1, 3) (3, 7, 38) and some of these proteins were shown to enhance virus attachment and infectivity (19, 20, 31, 47) . As in the case of HIV-1, it seems possible that host-derived cell adhesion proteins on the MoMLV lipid membrane play a role in virus attachment and/or transducibillity to target cells.
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Overexpression of these cell adhesion proteins on the virus surface may result in enhanced avidity of attachment and transduction efficiency of retroviral vectors. On the other hand, researchers attempting the production of tissue-specific retroviral vectors for in vivo applications may find it convenient to prevent the incorporation of these proteins into the virions. Vector particles with such broad adhesion properties may bind to the first population of cells encountered being wasted in non-relevant compartments of the body, which would render vector targeting strategies unsuccessful (53, 54) . Additionally, it is worth mentioning that both fibronectin receptor subunit beta (integrin β1) and CD9 have a known affinity for fibronectin (11, 16, 32, 51) . (33, 68, 71) yes (14, 35, 46) Cytoskeleton Cell motility 4 AGFAGDDAPR, EITALAPSTMK, GYSFTTTAER, SYELPDGQVITIGNER CD63 antigen (LAMP-3) 25,637 (G, Q5TZP3 yes (18, 71) yes (14, 22, 36, 38) Cytoplasm, Membrane Late endosome marker 1 VMSEFNNNFR (27, 67, 71) yes (14) Microtubules Microtubules 1 IMNTFSVVPSPK Histone H4 11,367 (A, P62805 yes (67) yes (14, 57) Nucleous Compact DNA 1 ISGLIYEETR Rab 7 23,490 P51149 yes (55, 67) yes (14) Cytoplasm LE trafficking 1 VIILGDSGVGK Rac3 21,379 P60763 yes (14) Cytoplasm Signalling 2 AVLCPPPVK, YLECSALTQR Table 2 Host-associated proteins
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Peptide mass lists were submitted for search against the NCBI nr database (homo sapiens taxonomy) using Mascot search engine (v1.9) a Estimated band molecular mass is indicated in parenthesis b Protein synonyms are provided in parenthesis. In bold proteins previously found in MoMLV. c Calculated mass based on the aminoacid sequence. The post-translationally modified form mass is provided in parenthesis (G, glycosylated; A, Acetylated) d UniProt reference sequence accession number e Proteins previously described in exosomes f Host proteins described in other retroviral particles (mainly HIV-1 virions). g Membrane refers to plasma membrane. Cytoplasm includes proteins associated with intracellular membranes h The number of peptides identified for the same protein in other bands is indicated in parenthesis. Primary antibodies employed were mouse anti-CD81 mAb (a, b, c) and mouse anti-CD9 mAb (d, e, f). A goat anti-mouse antibody conjugated with 10 nm colloidal gold was used for the detection. Virions were negatively stained using uranyl acetate. The bar represents 100 nm.
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